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ABSTRACT 
The molecular sieve Silicalite, which is known to selectively ad-
sorb organic molecules from aqueous solutions, was studied to determine 
its capacity to adsorb mixtures of ethanol and water vapor. Measure-
ments were made of the weight adsorbed from these vapors at isothermal, 
equilibrium conditions and at different pressures and temperatures. The 
work shows that the mass of vapor adsorbed is only dependent on the 
partial pressure of ethanol in the ethanol/water vapor, provided that 
the vapor is at least 27 mole % ethanol. 
The heat of adsorption of ethanol on this adsorbent was estimated 
to be about 17 kcal/(gmol ethanol), based on two different types of 
experiments, whereas water has a heat of adsorption of only 6 kcal/ 
(gmol water), as reported by Flanigen et al. This suggests that 
Silicali te would 
Langmuir model, a 
be very selective for ethanol over water. Using a 
Y /x 
1 . . f w w f b 13 . d se ectivity actor I o a out was estimate 
Ye xe 
at 60°C, where yi and xi represent the mole fractions of water and 
ethanol in the vapor and adsorbed phases for this system. 
Adsorption of ethanol/water mixtures by a small sample of Silicalite 
was noticeably greater than adsorption by a larger bed of the same 
material, indicating that equilibrium in a larger bed is difficult to 
achieve because of resistance to mass transfer in the adsorbent micro-
pores when water is initially adsorbed. 
viii 
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I. LITERATURE REVIEW 
A. Introduction and Scope 
In the last few years, there has been an increased interest in the 
use of ethanol as a fuel. Ethanol, in dilute aqueous solutions, can be 
made from renewable plant resources by the fermentation of sugars, 
hydrolyzed starches and cellulose (2). 
A key issue is how much energy it takes to separate ethanol and 
water from these dilute solutions. The conventional separation, by 
distillation, requires repeated evaporation of the entering mixture. An 
estimate of 80 kcal/(gmol ethanol) has been given (24) for the energy 
required to distill a 3 mole% ethanol mixture to 99.2 mole% ethanol. 
This is about 0.25 times the heat of combustion of ethanol (327 kcal/gmol) 
and 8 times the heat of vaporization of ethanol (9.7 kcal/gmol). 
The high energy consumption of conventional distillation has pro-
vided incentive to look for alternative methods of separation, one of 
which is adsorption. Adsorption is commonly used to remove trace com-
ponents from a stream, but in a number of cases, industrial processes 
use adsorption for bulk separations. A discussion of bulk adsorption 
processes has been given by Vermeulen et al. (30). 
An example of a bulk separation process based on adsorption is the 
separation of mixed xylenes, which in the past has been done by distil-
lation. A newer 'adsorption' process uses a solid adsorbent and a fluid 
desorbent phase to separate xylene isomers (28). 
If an adsorption process for ethanol is to be developed, energy 
considerations make it clear that a suitable adsorbent must be found which 
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adsorbs ethanol selectively from ethanol/water mixtures. In addition, 
we need to know the adsorbent's capacity, crystal size, macropore size 
distribution and the adsorption and desorption rates of the adsorbate 
(19). Also to be considered in the design is the kind of adsorption and 
regeneration process which needs to be used. However, the most important 
factor in designing an adsorption system is the selectivity and capacity 
that can be expected of the adsorbent (16). 
Using a particular adsorbent, Silicalite, which is known to adsorb 
organic molecules selectively from aqueous solutions, we have studied its 
capacity to adsorb ethanol vapor and vapor mixtures of ethanol and water. 
Measurements were made of the weight adsorbed from these vapors at iso-
thermal, equilibrium conditions and at different pressures and tempera-
tures. These data are not in the literature, although selective adsorp-
tion of organics by Silicalite has been discussed (5, 9, 12, 17, 21, 
26 and 27). 
B. Molecular Sieves 
Silicalite, the adsorbent under consideration here, is a molecular 
sieve. The term 'molecular sieve' was originated, according to Breck 
(6), by McBain to define porous solid materials which exhibit the 
property of acting as sieves on a molecular scale. The most important 
sieving effects are shown by the dehydrated crystalline zeolites, natural 
or synthetic, which are aluminosilicate minerals containing group I or 
II elements. Mantell (19) describes some uses of molecular sieving 
materials with different selectivities, which are primarily based on 
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pore size. The pore size, which can be precisely controlled, is en-
larged or diminished by the incorporation of selected cations during 
synthesis of the molecular sieve (31). 
In addition to pore size, selectivity in molecular sieves is 
dependent on the number and acidity of hydroxyl groups which are available 
for interaction with adsorbing molecules. If water molecules are present, 
the incorporation of cations into a zeolite causes the formation of 
acidic hydroxyl groups. The cation promotes the formation of these 
sites by polarizing adsorbed H20 so that dissociation occurs. 
Silicalite (Si02), a relatively new molecular sieve, has been dis-
cussed by Flanigen et al. (12). In their various forms, Silicalites are 
hydrophobic forms of silica because they lack sites with which water 
can interact. The lack of substitutional aluminum in Silicalite pre-
vents it from having significant catalytic properties or cationic ex-
change behavior compared with other zeolites (12, 21), thus making 
Silicalite less polar than other zeolites (3). 
Flanigen et al. (12) studied the vapor phase adsorption of several 
pure components by Silicalite . The amount of adsorption is reported as 
an equivalent liquid volume, calculated from the weight adsorbed and the 
density of the pure liquid at room temperature. These authors believe 
that adsorption in the Silicalite pores is a physical process (although 
the heat of adsorption is in the usual range for chemisorption) and is 
controlled by the relative size of the pores and the adsorbed molecule, 
and that this accounts for the nearly rectilinear isotherm found for n-
hexane gas, which fills the pores at a relative pressure (P/Pvap(T)) 
of only 0.03. They found that water does not fill the available volume 
4 
at any relative pressure. 
It is not unusual for molecular sieves to be filled at low pressures. 
Nakahara et al. (22) measured the adsorption of ethane on a carbon 
molecular sieve, and found that the ethane is adsorbed to 90% of its 
maximum at a relative pressure of only 0.006. 
The microporous structure of Silicalite includes straight and zig 
0 
zagged pores approximately 6A in diameter (12) which allow it to adsorb 
0 
organic molecules up to about 6A kinetic diameter (5). Thermogravimetric 
measurements on Silicalite show that desorption can occur in several 
stages for long, straight chain hydrocarbons (C4-Cl6). Bibby et al. (5) 
and others (21) consider this to be due to blocking of the channels at 
intersection points. Water, however, is desorbed in a continuous manner, 
which is typical of zeolites (3). 
An initial isosteric heat of adsorption is reported (12) for water 
on Silicalite of about 6 kcal/gmol. The same authors report the heat of 
adsorption for n-hexane to be 16-18 kcal/gmol, which they say is fairly 
constant over the adsorption range. The isosteric heat of adsorption 
(6) is derived from adsorption isosteres and is equal in magnitude to 
the differential heat of adsorption. The heat of vaporization of 
water is about 9.7 kcal/gmol, and the heat of vaporization for n-hexane 
is 7.8 kcal/gmol. Hence, (AHads-AHvap) is positive for n-hexane and 
negative for water. This suggests that water is not as strongly as-
sociated with the Silicalite surface as n-hexane. 
Schumacher and Hwa (27) and others (21) measured the adsorption by 
Silicalite of ethanol from aqueous solutions (Figure 1). By measuring 
the compositions of the liquids before and after exposure to the adsorbent, 
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Figure 1. Adsorption isotherm for aqueous ethanol on Silicalite at 
room temperature 
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and assuming that no water is adsorbed, they determined that Silicalite 
adsorbs up to 0.1 (cc ethanol)/(gm Silicalite) at low concentrations. 
Workers at Ames Laboratory reported adsorption of up to 0.19 (cc ethanol)/ 
(gm Silicalite) in similar experiments at higher concentrations (9). 
Hone et al. (17) studied the separation of water/ethanol liquid 
mixtures by sorption using Silicalite. They recovered average composi-
tions of 5.1 mole% ethanol (12wt %) when stripping with N2 at 35°C 
from a column of molecular sieve that had been exposed to 4.2 mole % 
(10 wt %) liquid ethanol/water mixture. They concluded that a separa-
tion process using this material is probably not feasible because of this 
low concentration. Workers at the Ames Laboratory (9), however, ob-
tained recoveries of about 75% of the initial ethanol contained in a 
similar mixture, at purities between 50 and 65 wt %. The effluent 
concentration was not constant, however, so the recovery depends on 
when the collection begins and ends. 
C. Adsorption Measurements 
In the present study, we measured adsorption of vapor on Silicalite. 
The equilibrium state of this kind of system is thermodynamically fixed 
if the composition, temperature, and pressure (or specific volume) of 
the gas are specified. For adsorption from either a gas or liquid, a true 
equilibrium between the fluid and solid phases may not be easily ob-
tained. Nevertheless, measurements which can be made are often useful. 
There are several ways to measure the amount of a vapor mixture that 
is adsorbed by an adsorbent. One way is to expose a known weight of 
7 
adsorbent to a measured amount of vapor. The volume change of the vapor 
(at fixed T, P) is noted, giving the amount adsorbed. A second way is 
to use a gravimetric method, in which the increase in weight of adsorbent 
is measured upon adsorption of vapor (16). Volumetric and gravimetric 
methods are compared by Cutting (11). 
Gravimetric methods using mechanical or electronic microbalances 
are common and are easily implemented. It is increasingly common to 
use electrobalances to determine adsorption isotherms (13). However, 
the earliest microbalances used for adsorption measurements were the 
McBain-Bakr quartz spiral balances (10). A disadvantage of these balances 
is that their sensitivity decreases with increasing loads. However, 
quartz springs are available which are very linear over a specified 
range of use. In addition, quartz, unlike electronic instrumentation, 
is not vulnerable to the action of corrosive vapors. A review of micro-
balance literature may be found in Cadenhead (8). 
Kollen (18) and Cutting (10) describe features to be considered in 
the design of vacuum systems for use with microbalances, Such systems 
generally require a microbalance in a vacuum with a hangdown tube, a 
gas dosing system, a pressure measurement facility and a controlled 
temperature bath. 
Buoyancy, static electricity and convection can affect micro-
balance measurements (7). Corrections for these effects are discussed 
by Cutting (10). An empirical way to measure the effects of buoyancy 
is simply to note the change in apparent weight of the pan as the system 
is pressurized (8). Static problems can be avoided by careful treat-
ment of equipment in the vicinity of the microbalance. Convection, a 
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problem at high pressures (near one atmosphere), can be minimized by 
keeping the system at a uniform temperature and by not allowing tempera-
ture gradients which cause instability to occur. 
It would be useful to measure the composition of the adsorbate. A 
technique that has been used for determining adsorbed phase compositions 
is to circulate a mixture of gas through a small bed of adsorbent until 
equilibrium is established. The gas is then desorbed into a glass buret 
and analyzed. Basmadjian (4) describes such an experiment. 
9 
II. EQUIPMENT AND PROCEDURES 
A. The System 
For these adsorption and desorption studies, a static, gravimetric 
method was used. The entire system (Figures 2 and 3a), about 53-54 
liters, is glass. It contains a vapor reservoir (45 liters), a source 
of liquid ethanol and water, a vapor sampling bulb, an extension for a 
Silicalite bed and an extension for a quartz spring (Figure 3b). 
The system is enclosed in an insulated box, which is made of sheet 
metal as a safety precaution, since ethanol is a flammable liquid. The 
box is equipped with a 1950 watt heater and a 350 cfm squirrel cage blower, 
which is controlled by an on-off thermostat. 
The extensions shown in the lower right of Figure 2 are both im-
mersed in a bath which can be controlled up to 14QOC and were usually 
kept at 60 ± o.s0 c. The bath uses water for temperatures up to 90°c 
and mineral oil for higher temperatures. The exposed portions of the 
extensions were wrapped with heating tape during the experiments. 
Ground glass stopcocks are used to isolate portions of the ap-
paratus. These stopcocks sometimes do not close well, so before each 
experiment, the vacuum was checked to see if it would hold 1 torr for at 
least 10-20 minutes. 
Originally, the system was designed for use with an electrobalance. 
This is the reason for the empty enclosure shown in the right of the 
box in Figure 3a (an inverted desiccator bottom on top of a metal plate). 
During initial measurements, the electrobalance failed. Later, it was 
found that the balance beam was suspended with a glue that must have 
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Figure 2. A system for the determination of ethanol/water vapor isotherms on Silicalite and for 
measuring the adsorbed composition of vapor mixtures (not to scale) 
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Figure 3a. Adsorption system 
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Figure 3b. Detail of Silicalite bed and hangdown tube with quartz 
spring and sample pan 
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been dissolved by the heated ethanol vapor used in the experiment. Most 
of the data were, therefore, taken with a quartz spring, which is an 
appropriate substitute. After the electrobalance was removed, two lead 
bricks were placed in this space to minimize unneeded volume. 
B. Quartz Spring and Pressure Measurement 
The quartz spring, obtained from Worden Quartz, is a helical strand 
of quartz with a hook formed at the top. The bottom of the spring has 
a hook (standard type) with a cross bar that can be used as a reference 
sight. The spring is hung from a wire loop which is suspended from a 
metal bar overhanging the hole in the metal plate. The spring extension 
is measured by using a cathetometer which can sight the cross bar on the 
spring. The cathetometer has a precision of 0.05 nun; however, the cross 
bar can be read only to the nearest 0.1 nun because there is no feature 
fine enough on the spring to read with more precision. 
The value of the spring constant used for most of this work is 
1.007 nun/mg. The spring has a maximum extension and maximum weight 
capacity of 500 nun and 500 mg, respectively. Table 1 shows a comparison 
of the spring constant after the addition of several calibrating weights. 
The calibrating weights are uncertain in the tenths of a milligram range 
and the constant changes in the last digit, but these uncertainties have 
little effect on the value of the constant. 
Several things should be noted about this apparatus. The refracting 
effect of the water bath had little, if any, effect on the measurements 
taken. The cross bar was always observed through the bath fluid, so 
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Table 1. Quartz spring calibration 
Cathetometer Weights 
reading (C) cm on pan (W) mg 
29.S7S None 
28.S70 10 
23.S2S 10, so 
13.4SO 10, so, 100 
Spring constant 
(~C/W) nun/mg 
l.OOS 
1.008 
1.008 
refraction tended to be constant. The entire spring was not at a uniform 
temperature, but this had little effect on measurements either. Quartz 
-7 
expands about S.S x 10 (cm/cm)/°C (14). For a SOO nnn spring, assuming 
it expands linearly, the length increases about 0.01 mm for a so0 c 
rise in temperature, not enough to be concerned with. Experiment 
showed that this change was, indeed, not perceptible. The speed of 
heat transfer was tested by placing a thermocouple inside the extension 
and quickly raising a heated bath to cover the assembly. Heat transfer 
to the pan sample is very fast and the temperature of the sample equili-
brates with the surrounding bath within minutes, even at 1 torr. 
Buoyancy was tested experimentally and estimated theoretically. 
When a weighted pan was taken from vacuum to atmospheric pressure, no 
observable change in weight occurred. To estimate the buoyancy of the 
pan, we take an extreme case (P = 740 torr), where the buoyant force 
on the spring alone is neglected since it is very light. This estimate 
-6 gives a force that is on the order of l.S x 10 Newtons, which is the 
equivalent of a O.lS mg mass. Since changes were measured on the order 
14 
of 10-20 mg, the buoyancy correction was ignored. 
The pressure of the system was measured with a mercury manometer 
that is partially enclosed in the heated box and can be seen through a 
plexiglass window. The manometer measures absolute pressure, that is, 
the pressure of the system against a vacuum which is continually pulled 
by the vacuum pump. A cathetometer with a precision of 0.1 mm was used 
to measure the height of the mercury columns. The absolute pressure of 
the system is, therefore, the difference in the height of the two 
columns. The system is equipped with a Labconco McLeod gauge that was 
used to determine the extent of vacuum being pulled on the system 
and was also used to estimate the percentage of noncondensable gas that 
was present in the vapor to be adsorbed. 
C. Composition Measurement 
To analyze vapor compositions, we used a Gow Mac series 550 gas 
chromatograph and Varian integrator. The conditions used are shown in 
Table 2. The chromatographic column was packed with Porapak Q (20). 
A Precision Vapor Lock Syringe was used to obtain vapor samples. The 
syringe was not designed for taking samples of condensable vapor, which 
requires the ability of the syringe to draw against low pressures (on 
the order of 10 torr). It was, therefore, necessary to install a screw 
in the syringe's teflon plug to keep the plug from slipping. 
A discussion of the theory of gas chromatography is given by McNair 
and Bonelli (20). A thermal conductivity detector (TC), as used here, 
gives a signal which is proportional to concentration. Hence, the 
15 
Table 2. Gas chromatograph conditions 
Carrier gas Helium 
Flow rate 30 cc/min 
Injection port temp. 
Column temp. 
Thermal cond. temp. 
Thermal cond. current 200 ma 
relative areas under the graphed signal are proportional to the rela-
tive amounts of the substances under consideration. For a binary mix-
ture of ethanol and water, 
or 
x 
w 
x 
e 
A 
k(~) A 
e 
1 
xe (k(A /A ) + 1) 
w e 
where xis the mole fraction (x + x = 1.0), k is the proportionality 
I W e 
• constant, A i p the area under the TC detector's graphed signal in 
arbitrary integrator units, and wand e stand for water and ethanol, 
which elute in that order. By injecting standard liquid ethanol/water 
mixtures into the GC (one microliter samples), four each at every 10 
mole % ethanol increment from 10% to 90%, the proportionality constant 
was determined to be k = 2.10 ± 0.04. This agrees with literature 
values (20). 
In order to determine the composition of the vapor in the system, 
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a sampling bulb (in Figures 2 and 3a) was used. It was filled with 
vapor, closed and removed from the adsorption apparatus and placed in 
a 90°C room to prevent condensation while taking a sample. Meanwhile, 
the vapor lock syringe was inserted into a bottle of desiccant to pre-
vent condensation from developing in the needle. During the experiment, 
a 'blank' sample was taken to see how much water vapor actually entered 
the syringe. The area represented by this water was subtracted from A 
e 
to give the correct composition. A correction of 1-2 mole % was generally 
made, 
The needle was removed, heated for several seconds on some heating 
tape and inserted through a septum into the sampling space. A sample 
of 1/4 to 10 cc was withdrawn, depending on the pressure of the vapor 
inside. Some air from the needle was unavoidably drawn in, and this 
showed up in the chromatogram. 
Usually, several samples of different sizes were taken and each 
was measured to check for consistency of the composition. After a 
sample was withdrawn, the syringe was subsequently locked and inserted 
back into the desiccant. At the gas chromatograph, the needle was in-
serted, the lock opened and the syringe filled with helium from the GC 
column. This prevented condensation in the syringe while compressing 
the plunger. The sample was then injected. 
This method is believed to give results within one or two percent 
of the real composition. To check the method, several microliters of 
liquid were completely vaporized in the vapor sampling bulb. The liquid 
was analyzed by injecting a liquid sample into the GC, while the vaporized 
17 
liquid was analyzed by injecting into the GC with the vapor syringe. 
These results are compared in Table 3. 
Table 3. Determination of liquid and vapor compositions by GC 
Liquid 
Mole % ethanol 
0.5 
7.3±0.2 
38.1 
36.2 
99 
:ffo of 
samples 
2 
3 
2 
3 
1 
Vapor 
Mole % ethanol 
1.0 ± 0.8 
7.7 ± 0.7 
38. 9 ± 1. 9 
36. 3 ± 1. 9 
98 
D. Materials Preparation 
:/fo of 
samples 
5 
12 
10 
10 
1 
The Silicalite used in this work came from the Linde division of 
Union Carbide Corporation. It was labeled S-115 and was in the form of 
small white crystals (Silicalite referred to in this work contains no 
binder unless otherwise stated). The ethanol used was 99 mole% pure 
and the water was deionized, condensed steam. The Silicalite was 
generally heated overnight at 400-500°C before it was placed on the pan 
for the first time. Once the sample, about 0.2-0.3 grams, was in place, 
it was pumped on for a few hours at 60-80°C to clean the Silicalite 
surface. 
It is necessary to remove as much of the noncondensable gas from 
the liquids as possible before using them for adsorption. Van Ness and 
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Abbott (29) describe a procedure for degassing liquids by distillation. 
When a vacuum is pulled on a flask of liquid and the vapor is cooled as 
it rises, the liquid can be distilled and degassed. The container 
holding the liquid can be closed off and removed after degassing. The 
unique part of this apparatus is a capillary tube between the pump and 
the liquid which prevents entrained liquid from being removed. 
This simple apparatus, under a hood because of the flammable nature 
of ethanol vapor, was used to degass both the ethanol and water sample. 
Van Ness and Abbott recommend heating the liquid, but the capillary tube 
was not small enough, so this was not done, since too much entrained 
liquid would leave the flask. The container of liquid was pumped for 
several hours and afterwards sealed off by a stopcock and removed. When 
the container was then inverted, a metallic sounding click was heard, 
which was an indication that the liquid was degassed (29). 
The container of liquid was then frozen by placing it in liquid 
N2 and attaching it to the adsorption system by a ground glass joint. 
The dead space above the liquid was evacuated for about a minute and 
the liquids were closed off from the system by means of a stopcock. 
In this way, air was prevented from entering the system. 
When the Silicalite sample was sufficiently degassed (after pumping 
on the system for a minimum of fifteen minutes while the sample was at 
60°C), a baseline reading of the spring was taken with a cathetometer. 
The heated box was turned on to heat the liquid ethanol and water so 
that they developed a significant vapor pressure. Then, the stopcocks 
to each of these were opened, one at a time, to let the appropriate 
amount of vapor flow into the system. Changes in pressure are in 
19 
proportion to the amounts of ethanol or water vapor introduced, so the 
composition of the vapor was estimated by noting pressure changes. 
E. Noncondensables 
Pure vapors were examined for their noncondensable gas content by 
the following method using the McLeod gauge. The formula 
Pnco = ( (M' - M'') + (Pa' - Pa")) (M' /RI - M" /R") 
was used, where Pnco is the original pressure of the noncondensable gas 
in the system, M' is the difference in mercury column height in the 
McLeod gauge after closing, M" is the difference in column height after 
adding pressure to the system, R' is the McLeod reading after closing 
the system and R" after adding pressure (see Appendix A for derivation). 
This formula is based on the ability to determine the noncondensable gas 
content of vapor by noting how it compresses under pressure. Were it 
not for the presence of condensable vapor, the variable R' would be 
the measure of the pressure of noncondensable gas. This formula cor-
rects for the vapor pressure of the condensable vapor, which needs not 
be directly known if two conditions are measured, represented by the 
prime (') and double prime ("). 
Table 4 shows the data necessary to determine the noncondensable 
ga s content of the degassed liquids used in the isotherms shown later. 
An analysis of error propagation (Appendix A) shows that the measurement 
of noncondensables is more accurate when R" is small, which makes the 
formula denominator large. 
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Table 4. Noncondensable gas content of system during determination 
of isothermsa 
Component 
Ethanolb 
(initial)' 
(final) 11 
Ethanolc 
(initial)' 
(final) 11 
M ± 1 
(torr) 
79 
5 
73 
13 
Pa+ 1 
(torr) 
1 
236 
1 
182 
R + 10% 
(torr) 
3.00 
0.01 
2.6 
0.075 
Ptot 
(torr) 
+ 10% 
29 
8.2 
% non-
condensables 
1 + 0.4 
10 ± 3 
aErrors in measurements are about 10%, except for the manometer, 
for which the error is less than± 1 torr. 
bused in the lower part of the 600C isotherm, which appears in 
Figures 4-8. 
cUsed in the 115°c isotherm in Figure 8. 
F. Types of Adsorption Measurements Made 
In this study, adsorption measurements of several types were made. 
A conventional adsorption measurement was made by closing off the 
reservoir and evacuating the rest of the system. The reservoir was 
then opened, the sample on the pan exposed for fifteen or twenty minutes, 
and the change in spring extension was noted. Most of the response oc-
curred within 15-20 seconds. The pressure was recorded from the 
manometer. The system, except the reservoir, was evacuated and the 
procedure was repeated until part or all of an adsorption isotherm 
was determined. 
A second type of measurement was made to find the composition of 
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the ethanol/water adsorbate. A sample of approximately 10 grams of 
pure Silicalite was exposed to an ethanol/water vapor mixture. The 
bed was then isolated, the adsorbate desorbed and its composition 
analyzed as a gas. From these procedures, it was possible to estimate 
the adsorbed composition. The vapor mixtures at various conditions 
were exposed to the bed for various lengths of time. The bed and the 
small dead volume associated with it were isolated by closing a stop-
cock and the rest of the system was evacuated. The adsorbate was then 
desorbed into an evacuated space of about 8 liters and then the composi-
tion was measured as a vapor. 
The third experiment was done to check the hypothesis that adsorp-
tion in a bed was not the same as in a small Silicalite sample, such as 
the one on the quartz spring. In this experiment, we adsorbed a 
smaller volume (about 8 liters) into the bed to see what effect this 
had on the pressure of the vapor. From this experiment, we expected to 
learn what effect water vapor has on adsorption of ethanol vapor. 
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III. RESULTS AND DISCUSSION 
A. Isotherm Data 
The results of our isothermal adsorption measurements on mixtures 
of ethanol and water vapor, taken at 60°c, are shown in Figure 4. Pure 
water, although not measured up to saturation pressure, shows a maximum 
adsorbed of only about 0.04 (gm/gm Silicalite), while pure ethanol shows 
a maximum adsorbed near 0.134 (gm/gm Silicalite) at its saturation 
pressure. 
For the two pure components, each set of isotherm data is a 
composite of two experiments, one at lower pressures and one at upper 
pressures. This might be inferred from the breaks which appear at 
P = 70 torr for pure ethanol vapor and P = 60 torr for pure water vapor. 
In the experiment at higher pressures, the spring reference crossbar 
never rose to its original mark after the run was finished. 
It is possible that harsher preparation of the sample (pumping on 
it at a higher temperature) might have caused the Silicalite to adsorb 
more ethanol. However, at 60°c, the length of time the sample was 
pumped on (after 15-20 minutes) did not make much difference. 
At a given partial pressure of ethanol (P ), we believe that 
e 
contamination by nitrogen does not affect adsorption of ethanol ap-
preciably. As shown in Table 4, the ethanol vapor contained from 1-10% 
noncondensable gas for the 600C ethanol data. In a separate experiment 
at 60°C, the ethanol was mixed with a large amount of N2. We found that 
for a given Pe, the amount adsorbed was not affected much by the presence 
of N2. Figure 5 shows the same pure ethanol isotherm as in Figure 4 
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compared with pure ethanol vapor adsorbed in the presence of a large 
amount of nitrogen. In the latter case, the first few points (at low 
pressure) were taken after a few minutes, with comparatively low ad-
sorption. However, when the system was allowed to equilibrate for a 
day, the amount adsorbed was closer to the expected value, despite the 
presence of nitrogen. There is some uncertainty in these results, since 
the pan was the equivalent of 0.030 (gm/gm Silicalite) lighter at the 
end of the experiment than at the beginning. We suspect that this might 
have occurred due to some sample loss. However, adjusting for this 
would still show that nitrogen has no major effect on the isotherm. 
This is not unreasonable, since nitrogen alone is hardly adsorbed 
(Figure 5). 
B. A Simple Model for This Data 
Flanigen et al. (12) discussed the adsorption on Silicalite of n-
hexane and described the isotherm as being well-represented by the 
Langmuir (type I) form. The assumptions of the Langmuir model are that 
each molecule is adsorbed independently (is not affected by the mole-
cules around it) and that the energy of adsorption is constant (not a 
function of the amount adsorbed). We tested this model for our data. 
The Langmuir equation for a pure vapor can be written with mass 
units as: 
v* i 
(b.) (phi.) (Vt~) 
l. l. l. 
(1 + (b.) (phi.)) 
l. l. 
(la) 
where i is the component of interest (e for ethanol, w for water), 
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phi. is the relative pressure of the vapor (P./Pvap.(T)), Vt~ is the 1 1 1 1 
maximum amount of adsorbate per weight of Silicalite (gm/gm Silicalite) 
and b. is a parameter characteristic of the Langmuir model. Equation 
1 
la can be rewritten as: 
1 
V* i 
1 1 ((b.)(phi.)(Vt~)) +Vt~ 1 1 1 1 (lb) 
h · f · h 1 · where 1 · th 1 d 1 t e equation or a stra1g t 1ne, ((b.)(phi.)) is es ope an Vt~ 
1 1 1 
is the intercept. 
Linear regression on the ethanol isotherm using the Langmuir equation 
gives b = 78 and Vt*= 0.108 (gm/gm Silicalite). A line with these 
e e 
fitted parameters is compared with the experimental data in Figure 6. 
The line for pure ethanol is too steep at initial pressures, and falls 
short of the data at the upper pressures. The data approach saturation 
gradually, rather than suddenly. This suggests that the heat of ad-
sorption decreases with increasing coverage. 
The water data are also fitted by a Langmuir isotherm (Figure 6), 
but with a different numerical procedure. * Vt was calculated by as-
w 
suming that, when expressed in volume units (Vt , cc/gm Silicalite, 
w 
where cc is calculated from Vt* and room temperature density of water), 
e 
Vt. for water and ethanol are equal. Thus, Vt*= 0.108, Vt = 0.137, 
1 e e 
Vt 
w 
* = 0.137 and Vt = 0.137. 
w 
The assumptions of the model we are using 
require that Vt be the same for all components. In addition, the water 
data are easily fitted by a straight line through the origin, so these 
data do not allow reasonable prediction of two parameters. Hence, we 
use Vt. = 0.137 for both components. Regression on water data gives 
1 
bw = 0.80. 
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Adamson (1) and Breck (6) discuss a simple Langmuir model for the 
combination of pure component isotherms for the prediction of the ad-
sorption of mixtures. They use the relation of the form 
Vt~b!P. v* = ___ 1_1_1 __ 
i n 
(1 + ~ 
j=l 
b~P.) 
J J 
where n is the number of components and b! 
1 
the amounts adsorbed is 
Vp* = 
n 
L: 
j=l 
* v .. J 
b. 
1 
= (Pvap. (T» ' 
1 
(2) 
The sum of 
(3) 
Figure 6 shows predictions using this relation. Although the predictions 
are too high, they do show that a large change in composition produces 
only a small change in the amount adsorbed, Also, since they depend on 
the fitting of the pure ethanol isotherm, it is not surprising that they 
are too high. 
From this model, it is possible to define a selectivity factor 
alpha of the form 
K 
alpha - ....:!!!. 
- K 
e 
= Yi where K. 
1 x. 
1 
It can be shown that, using the model we have discussed, 
K (xeyw) 
alpha w = (xwye) K e 
(Vt*b \ ) (Mw ) 
e e w (4) = (Vt*b') (Mw ) 
WW e 
where y's are mole% vapor compositions and x's are mole% adsorbed 
compositions. Assuming this is true, we find that at 6o0 c, alpha = 13, 
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x 72 mole% ethanol (97 wt%) for the 47 mole% ethanol vapor and x =83 
e e 
mole % ethanol (93 wt %) for the 27 mole % vapor. 
In Figure 7, we have plotted the total mass adsorbed from the vapor 
mixtures against the partial pressure of ethanol (P ). The total amount 
e 
of adsorption from these mixtures appears to depend only on the amount 
of ethanol present, confirming that the adsorbed composition is indeed, 
very high in ethanol. 
C. Effect of Temperature 
In Figure 8, data on ethanol adsorption at 60°c and llsoc are com-
pared. As the temperature rises, the Silicalite takes up less adsorbate 
at the same relative pressure. Using the previously determined value 
Vt*= 0.108 (gm/gm Silicalite), we find that b = 17.8 for a 115°c 
e e 
ethanol isotherm fit by least squares. However, we have forced Vt* 
e 
to be higher than it would appear to have otherwise been had we fitted 
the 115°C data in the normal manner. This was done because, again, we 
did not have data in the level region of the isotherm, and again, theory 
requires it. In the calculation for heat of adsorption that follows, 
we must assume that the specific volume available for adsorption (Vti) 
is not a function of temperature. 
The change of isotherms as a function of temperature is consistent 
with a high isosteric heat of adsorption, which can be estimated as 
follows from a rearrangement of the Clausius Clapeyron equation, as-
suming the vapor is ideal (25). The equation is written for the 
equilibrium between vapor and adsorbent, 
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compared with fitted curves determined from the Langmuir 
model 
o(ln P.) - 6Hads. 
l. l. 
~------.;;;__ = ------------0 ( l / T) R 
and for vapor and liquid, 
o(ln Pvap.) 
l. 
o(l/T) 
- 6Hvap . 
l. 
R 
Combining the two , we get 
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o( ln ) phi.)) 
l. 
- ( llllads. - 6Hvap.) 
l. l. 
o(l/T) R 
where phi. is the relative pressure P./Pvap .• 
l. l. l. 
Using the model for b . from Adamson (1), we have 
l. 
so for two different temperatures, 
(Sa) 
(Sb) 
(Sc) 
(6a) 
(6b) 
where 1 and 2 stand for data at the two temperatures. Substituting the 
6ooc ethanol and 11S°C information, we get Q = 7.3 kcal/gmol. 
. e 
From this determination, we can make an estimate of the heat of 
adsorption of ethanol. Rearranging the Langmuir isotherm, Equation la, 
gives 
v . 
l. phi. = 
i ((b . ) (Vt . - V. ) ) 
l. l. l. 
(le) 
By combining Equations 6a and Sc, performing the necessary differentiation 
and recombination, we find that 
llliad s - lillv a p = Q - .CTfil_ i i i 2 (7) 
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which suggests that l:U:lads. - ~Hvap. is not a strong function of tempera-
l. l. 
ture. 
Values for the heat of adsorption of ethanol on Silicalite are 
shown in Table 5. These values are similar to those for n-hexane 
(Flanigen et al. (12)). Flanigen et al. presumably inferred the 
isosteric heats of adsorption for ethanol and water from measurements 
not discussed in (12). We inferred the isosteric heat of adsorption 
for ethanol by the means discussed above and by a calorimetric experi-
ment, which shows similar values. Flanigen et al. find the difference 
(~Rads. - ~Hvap.) for water is a small negative value. We agree that 
l. l. 
this value for water must be small. A crude experiment, adding water 
to Silicalite, showed no measurable heat effect and we can see little 
difference between our 6QOC water data and theirs, which is at room 
temperature. 
Table 5. Heat effects of several components on Silicalite 
Component 
i 
n-hexanea 
a Water 
b Ethanol 
c Ethanol 
l:U:lads. 
l. kcal/gmol 
16-18 
6 
17 
15.5 
l:U:lvap . ( liliads . - mvap.) 
l. l. l. kcal/gmol kcal/gmol 
7.8 8-10 
9.7 - 4 
9.7 7.3 
9.7 5.8 
aFrom Flanigen et al. (12). They do not show the data from which 
these are obtained. 
bDetermined as shown above. 
cDetermined from simple calorimetry, Appendix B. 
. l 
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The significance of this heat of adsorption data lies in the 
selectivity of Silicalite for ethanol. The large difference in heats 
of adsorption demonstrates that such selectivity should exist, because 
the ethanol is associated more strongly with the surface of the 
Silicalite. 
Thermal gravimetric measurements show the effect of temperature on 
the amount of ethanol adsorbed on Silicalite. Milestone and Bibby (21) 
performed measurements of this type (Figure 9) on Silicalite exposed 
to aqueous ethanol. When we did the same with ethanol on clay bound 
Silicalite and compared results (Figure 9), we found there is qualitative 
agreement between the curves. Both show that ethanol is driven off at 
a temperature above its boiling point (80°C) and that most of the 
ethanol has been vaporized by about 1S0°c. 
D. Comparison of Our Data with Data in Other Literature 
Flanigen et al. (12) have shown that n-hexane has a rectilinear, 
type I isotherm with a maximum adsorbed amount (Vt~) of 0.16 (gm ethanol)/ 
1 
(gm Silicalite). If this is put on a specific volume basis (Vt.), as-
1 
suming the ethanol is adsorbed as a liquid of room temperature density, 
this corresponds to 0.2 (cc ethanol)/(gm Silicalite). These data are 
shown in Figure 10. Pore filling occurs at a relative pressure of 0.03. 
The means by which these data were obtained is not described except that 
it was done gravimetrically with a McBain-Bakr apparatus. 
The n-hexane isothenn is detennined at room temperature. We can 
now show, however, how our Langmuir model of the ethanol isothenn would 
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Equation 4 gives us b (25°c) = 303. 
e 
This analytic isotherm is also shown in Figure 10. Note that it rises 
almost as sharply as the n-hexane data. In this figure, our data on 
water, at 60°C, can also be compared with Flanigen et al. (12), whose 
data are at room temperature. Not very much water is adsorbed compared 
to organic vapor, and the amount adsorbed does not seem to be dependent 
on temperature when plotted as a function of relative pressure. These 
authors state that water does not fill the pores of Silicalite at any 
pressure. Table 6 shows a summary of the Langmuir parameters that are 
used in analytical representations of the experimental data. 
Table 6. Langmuir isotherm parameters 
Component i * Vti Vti 
(gm/gm) (cc/gm) Figure and temp. b. 
1 
Ethanol 2s 0 c 303 
Ethanol 6o0 c 78.3 
Ethanol lls0 ca 17.8 
Water 6o0 c 0.80 
aForced so that Vt. 
1 
0.108 0.137 
0.228 0.108 0.137 
0.108 0.137 
0 . 0053 0.137 0.137 
0.137 (cc/gm Silicalite). 
It is interesting to see how the aqueous ethanol adsorption data 
10 
6 
9 
shown earlier (Figure 1) compare with the pure ethanol vapor data that 
we have taken. Figure 11 shows the predicted Langmuir ethanol isotherm 
at 2s 0 c. This is compared to the Schumacher and Hwa (27) data of Figure 1. 
To make this comparison, the Schumacher data have been replotted on the 
same basis as our vapor data. Instead of using the solution composition 
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Figure 11. Adsorption isotherms of ethanol on Silicalite. Upper line: 
Langmuir representation of ethanol vapor isotherm at 2s 0 c. 
Lower line: data from Schumacher and Hwa (27), as in Figure 1, 
except plotted with equilibrium phie on x-axis and with a 
Langmuir fitted line 
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as the abscissa, we have estimated the equilibrium vapor composition 
and have used phi instead. This is done by assuming the phase equilibrium 
e 
relationship to be 
where ye is the activity coefficient of ethanol in water (Hansen and Miller 
(15)) at 2s 0 c and x is the mole fraction of ethanol in the aqueous 
e 
solution. We assume, as Schumacher did, that no water is adsorbed, 
While the two lines do not agree very well at their maximums, they both 
show a sharp rise as a function of pressure. 
In addition to n-hexane and water, Flanigen et al. (12) performed 
gravimetric measurements of Silicalite with several other components, 
including o2 , SF6 , c6H6 , neopentane and methanol. Their results are 
shown in Table 7, which compare the adsorbed weights and volumes on 
. several other zeolites which are hydrophilic. Adsorption volumes are 
comparable in size, with NaX having the largest. Note that o2 , SF6 , 
n-hexane and methanol have adsorption volumes which are comparable to 
ethanol at P/Pvap = 1. 
E. Selectivity of Silicalite 
and Equilibrium Considerations 
Indications of Silicalite's selectivity for ethanol have been shown 
by Schultz-Sibbel et al. (26), using gas chromatography. These authors 
have determined the retention times of ethanol and water in Silicalite 
by injecting these two components separately. Distribution coefficients 
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Table 7. Capacities of molecular sieves 
* Molecular Component (Vti) (Vti) 
sieve i T (K) P (torr) (gm/ gm) (cc/ gm) 
NaAa CH30H Z98 100 0.19 O.Z4 
Neopentane 
n-hexane 
SF6 
Oz 195 700 0.044 0.04 
Nz 195 700 0.115 0.14 
HzO Z98 zo O.Z8 O.Z8 
CaAa CH30H Z98 10 o.zz O.Z8 
Neopentane 
n-hexane Z98 100 0.145 o.zz 
SF6 
Oz 195 700 0.095 0.08 
Nz 195 700 0.11 0.14 
HzO Z98 zo 0.30 0.30 
NaXa CH30H Z98 10 O.Z3 o. Z9 
Neopentane Z98 700 0.156 o. Z5 
n-hexane Z98 100 o.z 0.31 
SF6 Z98 300 0.33 0.18 
Oz 195 700 0.054 0.05 
Nz 195 700 O. lZ 0.15 
HzO Z98 zo O.Z4 O.Z4 
Silica- CH30H Z98 P(T) 0.15 0.19 
liteb Neopentane Z98 P(T) 0.018 0.03 
n-hexane 298 P(T) 0.13 0.20 
SF6 298 P(T) 0.31 0.16 
Oz 90 P(T) 0.21 0.18 
Nz 
HzO Z98 P(T) 0.047 0.05 
a From Breck (6). 
bFrom Flanigen et al. ( lZ). 
determined from retention times, are shown in Table 8. The magnitude of 
the constant D reflects the relative attraction of Silicalite for the 
component. 
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Table 8. Distribution coefficients for pure Silicalite 
D a 
ethanol 
200 100 
150 >200 
D 
water 
16 
19 
a 
aD = (T')(F)/(gm Silicalite) where Tl.~ is the adjusted retention i :r time (Tr - Tair) in minutes and F is the flow rate of gas in ml/ 
minute. 
K D 
e It can be shown that D - Kw' the selectivity factor alpha we 
w e 
discussed before, if local equilibrium is assumed in the GC column. 
Alpha at 600C, according to these data would be larger than 10, which is 
consistent with the alpha = 13 we have determined from the Langmuir 
model of our data. The alpha, as determined by gas chromatography, would 
be larger than 13 at 6o 0 c, but these numbers were determined without 
taking into account interference between ethanol and water. 
Silicalite is a difficult material to use in gas chromatography. 
Figure 12, for example, demonstrates the difficulty in determining 
relative retention times by the simultaneous injection of ethanol and 
water. There appears to be no distinction between ethanol and water 
peaks in this case; in fact, there appears to be no ethanol peak at all. 
It is important to note that the concentration in gas chromatography 
is quite small. At the conditions used in Figure 12, the partial pres-
sure of ethanol is about 0.2 torr, which is on the sharply rising part 
of the isotherm. 
We now have several pieces of indirect evidence for the selectivity 
of Silicalite for ethanol. We tried, however, to get a direct measure-
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ment of the adsorbed composition. The results of this attempt are 
shown in Figure 13. We expected to find desorbed compositions richer 
in ethanol than the compositions we started with, but this was not what 
happened. All of the points measured show the desorbed composition to 
be less concentrated in ethanol than the initial mixture exposed to the 
Silicalite bed. 
There are two reasons to suspect that this was not an appropriate 
experiment. The first reason is that possibly not enough adsorbate came 
off, so that we did not have a representative sample to measure. 
Considering the steepness of the isotherm, this is very likely. The 
second reason is that the bed might not have been at equilibrium. 
We attempted to verify this second hypothesis by determining 
whether adsorption in a bed of Silicalite is the same as with a small 
sample, i.e., as on the quartz spring. In fact, we found the two are 
noticeably different (see Appendix C). When about 8 liters of pure 
ethanol vapor (99 mole %, 80°C) or about 1.24 gms, were exposed to a 
10 gm bed of Silicalite, the pressure dropped from 75 to 36 torr in a 
few minutes. When about 8 liters of 50 mole% ethanol vapor were ex-
posed to the bed of Silicalite, the pressure dropped from 72 to 61 torr. 
These results suggest that the pressure of water retarded the ability 
of a large bed of Silicalite to adsorb the equilibrium capacity of 
ethanol. 
This can be seen from Table 9, where the final pressure of ethanol, 
which is proportional to the driving force of adsorption, is shown. The 
difference between initial and final pressures, also shown, is propor-
tional to the amount of ethanol adsorbed. While we would expect, from 
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Figure 13. Composition desorbed (x) from a bed of Silicalite after ad-
sorbing from the vapor (y), under various conditions 
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Table 9. Summary of bed experiment 
Composition 
mole % 
100 
50 
Pressure of ethanol (torr) 
Initial - Final = Diff. 
75 36 39 
36 25 11 
Ratio 
final/di££. 
0.9 
2.3 
our knowledge of Silicalite's selectivity, the ratio of the driving force 
to the amount adsorbed to be about the same in both cases, they are not, 
suggesting that equilibrium was not achieved in the second case. 
One reasonable interpretation for this behavior may have to do 
with the slow replacement of water by ethanol. It is conceivable that 
immediately after the bed is exposed to the vapor, the vapor right 
above the bed rushes down and is adsorbed. The top of the bed selects 
ethanol, which causes this 'piston' of vapor to decrease in ethanol 
content as it proceeds down the bed. Since water is the component that 
the lower part of the bed sees the most of, water is the component 
which is adsorbed the most of in the lower part of the bed. This pres-
sure driven adsorption occurs quickly, but the composition gradient is 
slow to bring on the equilibrium adsorption. While attaining mechanical 
equilibrium due to pressure differences is easy, attaining chemical 
equilibrilllll may be much slower because it is limited by the outward 
diffusion of water and its subsequent replacement by ethanol. It 
might be necessary to oscillate the temperature to bring the bed to its 
equilibrium composition. 
If the above explanation is true, it might explain why the vapor 
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desorbed from Silicalite in the experiment discussed previously was 
less concentrated in ethanol than the vapor initially exposed to the 
Silicalite. We believe that for these reasons, we would be justified 
in discarding the directly measured adsorbed composition data in 
Figure 13. 
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IV. CONCLUSIONS 
We have contributed two pieces of evidence that demonstrate the 
ability of Silicalite to adsorb ethanol selectively from the vapor 
mixtures of ethanol and water. 
First, our work shows that the mass of vapor adsorbed is dependent 
only on the partial pressure of ethanol in the ethanol/water vapor, 
provided that the vapor is at least 27 mole % ethanol, which was the 
lowest composition measured. 
Secondly, we estimate the heat of adsorption of ethanol to be about 
17 kcal/(gmol ethanol), based on two different types of experiments. 
This value was measured by simple calorimetry and also by the change in 
adsorption characteristics with temperature. Water, in contrast to 
ethanol, has a smaller heat of adsorption, approximately 6 kcal/gmol. 
The difference in heats of adsorption for the two components suggests 
Silicalite's selectivity for ethanol vapor, which we have shown experi-
mentally, because the bonding forces for ethanol are much larger than 
for water. 
Using a selectivity factor defined by the Langmuir model, we esti-
mate 
alpha 13 
for this system at 60°c. 
Finally, adsorption of ethanol from ethanol/water vapor mixtures 
by a small Silicalite sample was noticeably greater than adsorption by 
a bed of Silicalite. We conclude, therefore, that equilibrium was not 
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readily obtained in a Silicalite bed, possibly as a result of mass 
transfer resistance in the Silicalite micropores when water is first ad-
sorbed. 
The high selectivity of Silicalite for ethanol in the vapor phase, 
combined with the lesser energy requirements of adsorption, suggest that 
an adsorption process which uses Silicalite to separate ethanol vapor 
from water vapor may be an attractive alternative to distillation. 
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VII. APPENDIX A: 
USING THE McLEOD GAUGE FOR DETERMINING THE 
PRESSURE OF A NONCONDENSABLE GAS 
The McLeod gauge (Figure 3a, lower left) has two columns which are 
used in the measurement of pressure. The left column is closed on the 
top and has a volume V. The right one is open. 
The volume V of gas at pressure P is trapped, and the mercury is 
then raised to the reference level by turning the gauge counterclock-
wise. 
When the gauge was calibrated by the manufacturer, a certain reading 
R* corresponded to the initial pressure of noncondensable gas Pnco. 
The difference in column height M* corresponded to the pressure of the 
gas after it was compressed by turning the gauge (Pnco*). So: 
R* = Pnco 
M* Pnco* 
and by the gas law, 
(V*)(Pnco*) 
Using the above, we get 
R* 
Mk 
Pnco 
Pnco* 
(V)(Pnco) 
V* 
v 
Now in the case examined here, we wanted to use the gauge to 
(A-1) 
determine the original pressure of noncondensable gas (Pnco) in the 
system, which is supposed to be primarily a condensable gas below its 
dew point. A force balance at the meniscus of the closed tube would give: 
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Pnco' + Pco' = M' + Pa' (A-2) 
where Pco represents the pressure of condensables, Pa represents the 
system pressure on the outside of the mercury and the prime (') repre-
sents the fact that the gauge has been turned to the closed position. 
Let Pnco* = Pnco'. Then by (A-1) and (A-2) 
v (Pnco)(V') + Pco' M' +Pa' (A-3) 
Also, we can then add air pressure to the outside of the mercury and 
write the force balance 
Pnco" + Pco" = M'' + Pa" (A-4) 
where the double prime (") signifies the state of the variable after 
adding pressure. 
Then, letting Pnco* 
v (Pnco)(Vr') + Pco" 
Pnco" and Using (A-1) and (A-4), we get 
M'' + Pa" (A-5) 
Now Pco" = Pco' = Pvap(T) of the condensable gas, so subtracting (A-5) 
from (A-3) gives 
v v (M' - M'') + (Pa' Pa") (Pnco)(V' - V'') - (A-6) 
Using (A-1), since 
R' Pnco V' 
M' = Pnco' v 
and 
R" Pnco V" 
M'' = Pnco" = v 
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we get 
M' M'' (Pnco) (ii' - R") (M' - M'') + (Pa' - Pa") (A-7) 
or rearranging, 
Pnco = (M' - M'') + (Pa' - Pa") M' M'' (Rt - R") 
(A-8) 
Propagation of error can be estimated by using 
l::.Pnco = I OP~~o I m' + I o~~~o I t.M" + I o~~o i L::.R I 
+ I o~~o I tR" + I o(P~n~o Pa") I A(Pa I - Pa") (A-9) 
which becomes 
l::.Pnco 11 - N i L::.M' + 1-D 1 + N \ l::.M'' 
n (R' Dz) (R"D2) 
+ \ M'N jt:.R' + \ - M"N lt:.R" + lilt:.(Pa' - Pa") 
(RI 2D2) (R"2D2) 
(A-10) 
M' M'' 
where N = (M' - M'') + (Pa' - Pa"), the numerator, and D = (R' - R"), 
the denominator, and the t:. values are estimated errors in measurement. 
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VIII. APPENDIX B: 
HEAT OF ADSORPTION DETERMINED FROM A SIMPLE 
CALORIMETRIC EXPERIMENT 
In this experiment, 5 ml of ethanol and 45 ml of water were combined 
at room temperature in a Dewar flask with 50 gms of Silicalite. The 
heat capacity of this mixture is estimated to be about 57 cal/(gm 0 c). 
The heat capacity of the Dewar flask calorimeter is not included. Ap-
proximately 394 cal of energy were released with a 6.9 ± 0.25°C rise in 
temperature. We assume that no water was adsorbed. A total of 3.95 gms 
ethanol was distributed in the aqueous and adsorbed phases. Using 
Figure 1, we estimate that about 0.068 (cc/gm) was adsorbed, which cor-
responds to a solution of 0.01 (gm ethanol/gm solution). So, 
394 cal 
5794 (gmol ethanol adsorbed) 
cal 
(0.068 gmol ethanol adsorbed) 
This makes 
llHads - tiHvap 
e e 
5.8 ± 0.2 kcal/gmol 
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IX. APPENDIX C: 
CALCULATION TO FIND THE EXPECTED AMOUNT OF ETHANOL 
ADSORBED IN THE SILICALITE BED 
We started with about 8 liters of ethanol at 75 torr. The tempera-
ture in the box read ao0 c and, therefore, we assumed this was the 
temperature of the box , although it is not uniform. 
The equation we will use throughout this analysis is a material 
balance on the amount in the vapor phase, and the amount in the ad-
sorbed phase at equilibrium must equal the amount of material initially 
in the 8 liters of space. 
Mtot (P)(V) 
= (M)(MSilic) + (RT) 
where Mtot is the initial amount of ethanol present in the system, M is 
the (gms ethanol adsorbed)/(gm Silicalite), M-. 1 . is the gms of 
--si ic 
Silicalite in the bed (10 gms) and P is the pressure of the system. 
Replacing the variables with their proper values, we can make 
guesses for P, find M from Figure 7 and determine Mtot, and compare it 
with the real value, as shown in Table Cl. The real value of Mtot is 
1.24, so the final pressure is about 25 torr. Note that the experi-
mental pressure was 36 torr . 
For the 50 mole % mixture of vapor, first note that half of the 
72 torr total is water, so the partial pressure of ethanol is 36 torr 
or 0.62 gms. The same type of iterative calculation is shown in 
Table C2. So the final pressure of the ethanol is 5 torr and the total 
m 
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Table Cl. Iterative solution to bed equilibrium for pure ethanol 
vapor 
P (torr) M (gms) Mtot (gms) 
20 0.08 1.14 
30 0.085 1. 36 
40 0.088 1.56 
Table C2. Iterative solution to bed equilibrium for 50 mole % ethanol 
P (torr) M (gms) Mtot (gms) 
5 0.053 0.62 
10 0.07 0.87 
30 0.085 1. 36 
pressure 5 + 36 = 41 torr. Again, note that the final experimental 
pressure was 61 torr. 
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X. APPENDIX D: 
IMPORTANT DATA 
Table Dl. Densities of components discussed in this work 
Component Density 
CH30Ha 0.79220/-4 
Neopentane a 0.6132014 
n-hexane a 0.6542014 
SF b 
6 
1.88-50.5 
0 b 
2 
1.149-183 
Nb 
2 0.8081-
195 
Water 1.0 
Ethanol a 0.789 
aPerry and Chilton (23). 
bHandbook of Chemistry and Physics (14). 
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Table DZ. Vapor pressure of ethanol and water 
Temp. range 
(OC) 
Ethanol 
48.4- 78.4 
78.4-126. 0 
Water 
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Analytic representation of 
Pvap (torr) 
ln Pvap 10053 a 27 •13 - (138.98 + T(K)) 
ln Pvap 55.813 8 •442 - (- 320.78 + T(K)) 
c 149.38 torr 
b 
aAntoine equation form determined from three data points within 
stated temperature range, from chemical engineers' handbook (23). 
b As above, from data in Handbook of Chemistry and Physics (14). 
c Perry and Chilton (23). 
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